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Solution growthPure and 1,3-dimethyl urea doped L-arginine phosphate monohydrate (LAP) crystals were grown by a
solution growth technique from aqueous solution at a constant temperature. The effect of dopant on
the optical properties, crystal structure and second harmonic generation (SHG) efﬁciency was studied.
Dopant modiﬁes the SHG efﬁciency of the LAP crystal at a greater extent. The SHG efﬁciency of
0.01 mol% 1,3-dimethyl urea doped LAP crystal corresponds to 1.37 times more as compared to the pure
LAP. Absorption and transmission were measured in the spectral range 190–1083 nm. The increase in the
optical transparency of the doped crystal is reported. The band gap of the grown crystals has been deter-
mined. The presence of the dopant in the doped crystals was conﬁrmed qualitatively by the FT-IR spec-
troscopy. A slight variation in unit cell parameters has been reported. Thermal and dielectric study of the
doped crystal has also been presented.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
L-arginine phosphate monohydrate (LAP) is a promising biaxial
nonlinear optical (NLO) crystal belonging to the monoclinic crystal
structure and P21 space group. Its optical damage threshold is
higher than 1GW/cm2 s at 1064 nm and the SHG efﬁciency is 3.5
times more in comparison with potassium dihydrogen phosphate
(KDP) [1]. Since the investigation of the LAP crystal, many
researchers have investigated the effect of different dopants on
the properties of the LAP crystal [2–7]. The effect of sulfate doping
on electrical, optical and mechanical properties of the crystal has
been studied by Ravi et al. [8]. Sulfate doping leads to an increase
in the lattice parameters and softening of the crystal. As LAP is
prone to microbial developments, attempts have been made to
suppress the development of microbes and increase the stability
of solution during crystal growth and of the crystal in the applica-
tions [9–11]. The increase in the SHG efﬁciency has been reported
by doping LAP with xylenol orange dye [12] while Rd6G dye mod-
iﬁes the thermal behavior of the LAP crystal [13].
Urea (H2NCONH2) is an organic compound having very large
NLO properties. It has good optical and mechanical properties
but its crystallization and handling is rather difﬁcult as it is highlyhygroscopic. Other urea derivatives like monomethylurea (H2-
NCONHCH3), 1,1-dimethylurea (H2NCON (CH3)2), 1,3-dimethyl-
urea (CH3HNCONHCH3) and phenylurea (H2NCONHCH5) have
been investigated in the light of NLO applications and few of them
found suitable for SHG applications [14]. The urea derivatives; urea
L-malic acid [15–18] and urea L-tartaric acid [19] are of high SHG
efﬁciency and unhygroscopic found suitable for NLO applications.
N-Methylurea (H3CNHCONH2) is one of the promising organic non-
linear optical materials for ultraviolet conversion [20]. NLO proper-
ties of 1,3-dimethylurea have been studied in detail [21]. The
worth considering effect of urea doped benzophenon crystals for
NLO applications has been studied [22]. 1,3-Dimethyl urea is an or-
ganic compound derived from urea by replacing two hydrogen
atoms of twoNH2 groups byCH3 groups. It has one H-donor site
while two acceptor sites. It is capable of forming multiple hydro-
gen bonds. It is expected that, it can form multiple hydrogen bonds
and modify the properties of the host crystal. It is evident that,
doping of 1,3-dimethyl urea improves optical properties of the
KDP crystal [23].
In the present communication, we are reporting the effect of
1,3-dimethyl urea doping on the optical (linear and nonlinear)
properties of the LAP crystal. Pure and 1,3-dimethyl urea doped
LAP crystals were grown by the solution growth technique from
aqueous solution at a constant temperature. The effect of dopant
on the transmission, absorption, band gap and second harmonic
generation (SHG) efﬁciency was studied. Doping enhances SHG
efﬁciency of the LAP crystal. The SHG efﬁciency of 0.01 mol% 1,3-
dimethyl urea doped LAP crystal was found to be 1.37 times as
compared to the pure LAP. The increase in the optical transparency,
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Fig. 2. Transmission spectra of pure and doped LAP crystals.
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Fig. 3. Absorption spectra of pure and doped LAP crystals.
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2.1. Material synthesis and crystal growth
The initial compound LAP was synthesized by reacting L-argi-
nine and phosphoric acid in equimolar ratios in double distilled
water as per the reaction mentioned elsewhere [8]. The solution
of LAP was stirred, ﬁltered and dried optically to get a compound.
The purity of the compound was enhanced by repeated recrystalli-
zation from aqueous solution. The crystals of pure and, 1,3-di-
methyl urea doped LAP were grown by mixing 0.01 mol% and
1 mol% 1,3-dimethyl urea in LAP and designated as LAP (pure),
LDMU1, and LDMU2, respectively. The good quality single crystals
were grown within 15 days by allowing slow evaporation of an
aqueous solvent at a constant temperature. See Fig. 1.
2.2. Characterizations
The grown crystals were subjected to the FT-IR spectroscopy
and optical (linear and nonlinear) properties study. Optical trans-
mission of the grown crystals was measured by a UV–visible spec-
trophotometer (Model-Black-C-SR, Stellarnet Inc. USA) in the
spectral range 190–1083 nm. The FT-IR spectroscopy was done
on the instrument FT-IR spectrophotometer (Model-8400S, Shima-
dzu, Japan) within the wave number range of 400–4000 cm1.
Powder XRD data were recorded on a Bruker D8-Advance X-ray
diffractometer (Germany) in the diffraction angle range 2h = 20–
80o using Cu Ka radiation of wavelength 15406 Å. The SHG efﬁ-
ciency was measured by using Kurtz and Perry powder method
[24]. The thermo-gravimetric analysis (TGA) was carried out on
the instrument DTG-60H simultaneous differential thermal ana-
lyzer (Shimadzu, Japan) within the temperature range of 40–
320 C. Dielectric study was performed on the crystal by measuring
capacitance and dissipation factor using Agilent impedance ana-
lyzer (Model-4282) in 1 kHz–1 MHz frequency range.3 4 5 6
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Fig. 4. Plot of variation of ahm2 with photon energy hm.3. Results and discussion
3.1. UV–visible-NIR spectroscopy
The crystals cut into the rectangular shape and thicknesses of
1.5 mm were polished and used to study the optical absorption
and transmission over a spectral range of 190–1083 nm. The trans-
mission and absorption spectra are shown in Figs. 2 and 3, respec-
tively. The magniﬁed portions of higher transparency and lowerFig. 1. Photograph of grown single crystals.absorption ranges are also shown in incent of each graph to visual-
ize the changes in the transmission and absorption of doped crys-
tals. From UV–visible study, it is conﬁrmed that the doped crystals
have more transparency as compared to the undoped crystal.
Moreover the transparency increases with increasing doping per-
centage of 1,3-dimethyl urea. The doped crystals have more than
85% transparency in the spectral range 210–1083 nm while the
LAP crystal has a transparency less than 85% in the spectral range
210–600 nm. The lower wavelength cutoffs for all the crystals were
found to be around 200 nm.
The values of optical absorption coefﬁcients (a) for a wave-
length range of 190–1083 nm were calculated using the relation;a ¼ 2:303
d
log
1
T
ð1Þwhere, ‘T’ is the transmittance and ‘d’ is the thickness of the crystal.
Table 1
Band gap energies of pure and doped LAP crystals.
Crystal Band gap (eV)
LAP 5.52
LDMU1 5.63
LDMU2 5.59
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-1)
LAP
LDMU1
LDMU2
Fig. 5. FT-IR spectra of pure and doped LAP crystals.
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Fig. 4. The calculated optical band gaps of the crystals are listed in
Table 1. The band gaps of the doped crystals were found to be moreTable 2
FT-IR peaks assignments.
Peaks (cm1)
LAP LDMU1 LDMU2
499.56 408.91, 505.35 505.35
528.5
547.78
582.5 615.29 613.36
675.09
690.52 698.23 696.3
759.95
781.17 783.1
871.82 871.82 871.82
912.33, 939.33
948.98 948.98 948.98
1010.7 1006.84
1029.99 1031.92
1043.49 1045.42 1045.42
1085.92, 1112.93 1087.85, 1126.43 1134.14
1159.22
1176.58 1174.65, 1213.23 1176.58
1213.23
1284.59, 1321.24, 1334.74 1321.24
1357.89
1371.39
1408.04
1408.04 1408.04
1519.91 1523.76 1523.76
1558.48 1570.06 1570.06
1598.99
1622.13
1662.64
1651.07
1693.5 1687.71
1693.5
1689.64
2400–3500 2400–3500 2400–3500than the LAP crystal, which gives the hint of improved optical
transmission.3.2. FT-IR spectroscopy
FT-IR spectra of pure and doped LAP are shown in Fig. 5 and
peak assignments are enlisted in Table 2. The broad band of peaks
belonging to the range 2400–3500 cm1 corresponds to the sym-
metric and asymmetric stretching of NH, CH, and OH bondings.
The presence of P–OH group is apparent by the peaks at 499.56
and 871.82 cm1. Torsional modes of CNH2 are observed at around
582.5 cm1. COO group presents its peaks at 675.09, 759.95 and
1558.48 cm1. The peaks at 1010.7 and 1043.49 cm1 are attrib-
uted to the PO34 stretching and vibrations, respectively. C@O and
C@N present their peaks at 1085.92, 1112.93 and, 1693.5 cm1,
respectively. The doped LAP crystals show peaks at a same posi-
tions as pure LAP but with changes in peak positions. The change
in peak positions is attributed to the modiﬁcations due to the for-
mation of hydrogen bondings by 1,3-dimethyl urea with host mol-
ecules. The peaks representing the groups P–OH, CNH2, NH2, C@O,
PO34 and NH3
+ are found to be displaced from their position in
doped LAP crystals conﬁrming qualitatively the doping of 1,3-di-
methyl urea in the ALP host crystal.3.3. Crystal structure
The recorded powder XRD data of pure and doped LAP crystals
were analyzed using software PowderX. The indexed powder XRD
patterns of LAP and LDMU2 are shown in Fig. 6. The calculated unit
cell parameters are tabulated in Table 3. The determined LAP
parameters are in good agreement with previously reported results
[4], while a slight variation in lattice parameters of LDMU2 is wit-
nessed. This change in lattice parameters may attribute to theAssignments
P–OH deformation
Vibrations of PO34 ion
Torsional modes of CNH2
COO in plane bending
NH2 out of plane bending
The scissoring mode of COO group
CH rocking
C–C stretching, P–OH stretching
Presence of phosphate ions
P–OH stretching
PO34 stretching
Stretching of C–N
Vibrations of PO34 ion
Vibrations of PO43- ion, C@O stretching
NH2 wagging
Rocking mode of NH3+
CH2 wagging
C–C–H in plane deformation,
COO symmetric stretching, CN2 asymmetric vibrations
Symmetric deformation NH3+
COO asymmetric stretching
Asymmetric bending of NH3+
O@P–OH and H2O stretching,
C@N stretching
Symmetric and asymmetric stretching of NH, CH, and OH bondings
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Fig. 6. Powder XRD pattern of LAP and LDMU2 crystals.
Table 3
Unit cell parameters of LAP and LDMU2 crystals.
LAP LDMU2
Crystal system Monoclinic Monoclinic
Space group P21 P21
a (Å) 10.865 10.877
b (Å) 7.911 7.913
c (Å) 7.344 7.347
a = c (o) 90 90
b (o) 98.086 98.006
Volume (Å3) 625.01 626.16
Table 4
SHG efﬁciencies of pure and doped LAP crystals.
Crystal Output voltage (mV) SHG efﬁciency
LAP 30.0 1.00
LDMU1 41.2 1.37
LDMU2 32.0 1.07
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Fig. 7. TGA curve of LDMU1 crystal.
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host LAP crystal.3.4. SHG efﬁciency
LAP is already recognized as a promising NLO crystal and it has
almost 3.5 times SHG efﬁciency in comparison with KDP [1,8]. In
the present study, the SHG conversion efﬁciency of pure and doped
crystals was measured by using analog setup as proposed by Kurtz
and Perry [24] for powder sample. The setup consists of a Q-
switched mode locked Nd:YAG laser with fundamental output at
1064 nm, pulse repetition rate 10 Hz, 6 mm beam spot diameter
and energy 2.7 mJ as input laser of which second harmonics of
wavelength 532 nm, generated by a powder sample placed in the
path, monitored at the output. After ﬁltering fundamental wave-
length, the second harmonic wavelength was fed to the photomul-
tiplier tube and output was measured with digital storage
oscilloscope. The measured outputs in mV and SHG efﬁciencies
of doped crystal in comparison with LAP crystal are given in Ta-
ble 4. The crystal LDMU1 has maximum SHG efﬁciency 1.37 times
that of LAP crystal. Urea and urea derivatives show strong NLO
properties but due to their hygroscopic nature, big size crystal can-
not be grown and difﬁcult to use in the NLO applications. 1,3-di-
methyl urea has high SHG efﬁciency and its inclusion in the
crystal modiﬁes the surrounding around it and enhances the SHG
efﬁciency. The SHG efﬁciency of doped crystals is more than other
doped LAP crystals. Again it is comparable to the SHG efﬁciency ofxylenol orange dye doped LAP without coloring the crystal and
reducing optical transmission [12].3.5. Thermal stability
The powder sample of LDMU1 was scanned to record TGA
curves (Fig. 7) in the temperature range 40–320 C under static
air conditions with a heating rate of 10 C/min. From the TGA
curve, it is evident that there is no loss of weight up to 119 C
and after this temperature; weight loss starts with a high rate up
to 170 C (around 5.24% weight loss) and afterward up to 216 C,
it continues but with a lower rate. In the temperature range
170–320 C, the weight loss is around 39.48%. Hameed et al. [25]
have reported that LAP is stable up to 106 C and as compared to
pure LAP, LDMU1 is thermally more stable. The increase in the
thermal stability may be due to the doping of 1,3-dimethyl urea
reducing amount of water molecule in the crystal [9] and increas-
ing bonding strength by forming multiple hydrogen bondings.3.6. Dielectric study
Dielectric study of LDMU1 crystal was carried out to investigate
the response of the crystal to an applied electric ﬁeld. The capaci-
tance and dissipation factor was measured as a function of fre-
quency in the range 1 kHz–1 MHz at a constant temperature of
35 C using a two-probe setup. LDMU1 crystal of dimension
4.44  1.95  3.85 mm3 was cut parallel to (110) plane and pol-
ished. Silver paste was pasted on two opposite faces of the crystal
to make a parallel plate capacitor and used in the measurement.
The dielectric constant (er) was calculated from the measured
capacitance and dimensions of the crystal using the formula;
er ¼ Cte0A ð2Þ
where, C is the capacitance, t is the thickness, A is surface area of the
crystal, and eo is the absolute permittivity of free space.The dielec-
tric loss was calculated using equation;
e00 ¼ erD ð3Þ
Here, D is the dissipation factor.
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Fig. 8. Variation of dielectric constant, er of LDMU1 crystal.
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Fig. 9. Variation of dielectric loss, e00 of LDMU1 crystal.
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dielectric loss, respectively with log of frequencies of 1 kHz–
1 MHz and applied electric ﬁeld. The dielectric constant of LDMU1
crystal at a lower frequency is large and decreases gradually with
an increase in frequency. The larger value of dielectric constant
at a lower frequency may be attributed to the presence of all four
polarizations (space charge, ionic, electronic and orientation polar-
ization) contributing signiﬁcantly at lower frequencies. As the fre-
quency increases, the dipoles are less able to rotate and maintain
phase with the applied ﬁled, thus their contribution to the polari-
zation decreases steadily and the dielectric constant decreases
with an increase in frequency [26]. The low value of dielectric loss
at a high frequency indicates the crystal may be used at high fre-
quencies for NLO applications [27,28].4. Conclusions
Pure and 1,3-dimethyl urea doped L-arginine phosphate mono-
hydrate (LAP) crystals were grown by the solution growth method
from aqueous solution at a constant temperature. The presence of
the dopant was conﬁrmed qualitatively by the FT-IR spectroscopy.
The effect of dopant on the optical properties, crystal structure and
SHG efﬁciency was studied. Dopant modiﬁes the optical transmis-
sion, optical band gap, lattice parameters and SHG efﬁciency of the
LAP crystal. The SHG efﬁciency of 0.01 mol% 1,3-dimethyl urea
doped LAP crystal is found to be 1.37 times more as compared to
pure LAP. 1,3-Dimethyl urea doping improves optical transmission,
optical band gap and thermal stability. Doped LAP crystal has a
lower dielectric constant and loss at higher frequencies. The
enhancement in the optical properties (linear and nonlinear) of
the LAP crystal by doping of 1,3-dimethyl urea conﬁrms it could
be the best candidate for SHG applications.Acknowledgments
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